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Sl-CTION  I 
INTRODUCTION 


Aluminum  alloys  used  by  the  Air  Force  must  s i mul t aiU'ous 1 y satisfy 
several  requirements  to  assure  that  a cost-affordable  viable  deterrent 
force  is  procuretl.  These  requirements  include  high  tensile  strength, 
good  corrosion  resistance,  high  fracture  toughness,  and  good  fatigue 
properties.  All  are  equally  important  if  new  systems  are  to  be  cost- 
affordable.  These  properties  are  not  only  influenced  by  the  alloy  chosen, 
but  also  by  the  processing  sequence  used  to  fabricate  the  component,  be 
it  cast,  forged,  extruded  or  machined  from  wrought  plate/sheet.  Each  of 
these  material  processes  produce  different  grain  textures  and  precipitate 
dispersions  within  the  grains.  Work  has  been  in  progress  at  the  Air  Force 
Materials  Laboratory  to  systematically  study  the  relationship  between  the 

required  properties  and  the  precipitates  commonly  found  in  wrought  aluminum 

, , (1,2,3) 

(1 1 a t e . 

Cenerally,  the  precipitates  are  classified  into  three  types:  constituent 

particles,  dispersoid  particles,  and  hardening  particles.  They  are  classified 
in  this  manner,  as  they  appear  in  this  order  during  the  processing  sequence. 

The  constituent  particles  precipitate  from  solid  solution  during  the  cooling 
of  the  ingot.  Thus,  they  are  thermodynamically  the  most  stable.  From  the 
practical  point  of  view  subsequent  processing  will  have  little  effect  on 
changing  the  size  of  these  particles,  though  extensive  mechanical  working  can 
change  their  distribution  somewhat.  These  particles  are  iron  and  silicon  rich, 
having  incoherent  interface  with  the  matrix,  and  ranging  in  size  from  5 to 


30  urn.  Ihe  dispersoid  particles  precipitate  from  solid  solution  during  the 


Iuiniin',cn  i i ng  solution  t ro.it  niiMi  t ol  I ho  in^'.ot.  This  t i-iiipo  rat  uro  r-in^os  1 rom 
()'’f  (■'i'-' i^'t:)  lor  .’024  to  K80^'l'  (471*’o)  for  7075.  Tho.so  p.irtiolos  arc- 
ohromiiiiii  and  ,'iroonium  rioh  r.mp.inp,  in  size  from  0.5  . m to  10  ,.ni.  I ho 
hardoninp,  [i.irtiolos  aro  t hormodynaniioa  1 1 y the  least  stable  partiolos  .i.‘. 
tlioy  o.in  [in'o  i|i  i t ate  from  the  solid  solution  at  room  t empi-ra  t u ro . Ihov 
r.ini'.o  in  sizi'  from  50  K (5  nm)  to  5000  X (0.5  urn),  havinjt  either  oolK'roiit 
or  inoolK'rent  interfaoes.  These  [lartii’les  are  primarily  responsible  for 
the  liigii  strengths  oxhiliited  liy  tlu‘  2000  and  7000  series  alloys  wlnTh  are 
used  in  aerospace  alloys.  The  copper  riidi  precipitates  are  found  in  the 
’00!)  .series  alloys  while  the  zinc  rich  precipitates  are  found  in  the  7000 
si-ri'.'s  .alloys. 

The  mechanism  of  ductile  fracture  has  been  envisioned  as  a two  step 

(4) 

process.  The  first  step  involves  tlu-  nucleation  of  voids  at  the  niacro- 

i lu- 1 us  i ons , i.e.,  inclusions  _1  ..m  diameter.  The  second  step  is  the 
c-o.a  1 (.‘Sconce  of  the  microcracks  hy  the  formation  of  shear  hands  between 
the  macro  inclusions.  Previous  work^'’^  sponsored  by  the  Air  Force  Materials 
Laboratory  has  demonstrated  that  a liigh  purity  in  2000  or  7000  series 
aluminum  alloys  dramatically  improves  the  strength  vs  toughness  trend 
1 i nes  over  those  of  commercially  pure  2000  or  7000  series  aluminum  alloys. 
The  c]uest  ion  which  was  not  answered  was:  at  what  level  of  purity  does  the 

second  step  in  the  ductile  fracture  process  become  the  rate  controlling 
process?  It  is  the  purpose  of  this  report  to  examine  this  question  which 
has  im[>ortant  economic  consequences.  By  specifying  higher  purity  alloys 
such  as  7475  and  7175,  cost  penalties  are  incurred.  The  level  of  purity 
belov'  which  f ractur('  toughness  cannot  he  improved  by  this  technical  approach 


must  be  determined. 
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1.  MAl'ERlAl-S 

In  t>rder  lo  sy  s t oma  t i ra  1 1 y sUuly  tin.-  elfi-rts  of  const  i t uoiU  , d i sperso  id  , 
and  hardt'ning  particles  in  wron^lil  a'uniiiuim  plate,  a series  of  alloys  was 
obtained  based  on  the  composition  of  7075.  To  study  tin-  effects  of  con- 
stituent particles,  five  different  combined  [nirity  levels  I'f  iron  and 
silicon  were  used  ranging  from  0.01  w/o  to  0.3  w/o  Vv^ith  the  ratio  of  iron  tt' 
silicon  being  held  constant  at  two.  For  identification  purposes,  they  are 
labeled  "A"  through  "E"  with  the  most  pure  called  "A”. 

To  assess  the  role  of  dispersoid  particles,  and  their  interaction  with 
the  iron  and  silicon,  both  chromium  and  zirconium  are  separately  added  to 
each  of  the  five  purity  level  alloys  for  a total  of  ten  different  alloys. 

For  identification  purposes,  a second  digit  is  added.  "Zero"  (or  no 
explicit  identifier)  represents  the  chromium-bearing  alloys  while  "one" 
represents  the  zirconium-bearing  alloys.  The  compos i t ions  of  these  ten 
alloys  are  given  in  Table  1. 

Two  different  heat  treatments  (T651  and  TMP)  are  used  on  all  ten  alloys 
to  study  the  role  of  hardening  particles.  The  T651  process  involves  a 1.5 
stretch  prior  to  a 24  hour  age  at  250'^F  (121°C)  followed  by  air  cooling. 

The  TMP  process  used  is  actually  a KTMP  according  to  the  nomenclature 
developed  by  Waldmnn,  et.  al . as  it  occurs  after  the  final  solution 
treatment.  Four  hours  aging  at  250*^F  (121*  C)  and  20  minute  age  at  325  F 
(I63”c)  precede  a 25%  reduction  by  warm  rolling  to  0.625  in.  (1.59  cm) 
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and  .1  1.5’'  str  'lrli.  Final  a>.;ing  lor  iwo  Fours  at  ddO^'l'  (l4i'*C)  was  only 
usod  tor  two  oi  t 1k'  10  alloys  (151  and  Cl)  in  ordi-r  to  inrri'aso  tlioir  yii-Id 
sLrongth  1 roni  unaooeptably  low  v.iluos. 

Noioliod  tonsilo  spocimons  wore  prepared  with  the  tensile  axis  in  hotli 
the  longitudinal  and  the  long-transverse  direetions  as  previous  meta 1 1 og rapli  i e 
work^^^  verified  that  grain  structure  is  anisotropic  which  is  comnion  1 found 
in  wrought  products. 

2.  MUIMFIFD  N'OTCHEI)  TENSH.E  TEST 

( ^ ) 

Following  the  proposed  ASTM  test  method  for  notched  tensile  tests, 

0.5  in.  (1.27  cm)  diameter  specimens  were  machined  to  the  prescribed  geometry. 

50  KIP  capacity  Instron  tensile  test  machine  was  used  with  one  universal 
joint  directly  threaded  into  each  end  of  the  specimen.  With  this  configura- 
tion the  measured  percent  bending  stress  for  a 0.5  in.  (1.27  cm)  diameter 
steel  specimen  was  consistently  below  10%  at  30  KSI  (207  MPa)  stress  level. 

In  addition  to  measuring  the  load  at  failure,  the  specimen  elongation  was 
monitored  by  means  of  a *5  in.  (1.27  cm)  clip-on  extensometer . Since  the 
notch  cross  section  area  is  half  that  for  overall  specimen,  with  a of  11, 

the  measured  deformation  is  approximately  that  experienced  by  the  material  in 
(9) 

the  notch.  The  load  vs  displacement  output  is  recorded  on  an  X-5’  plotter. 

A schematic  drawing  of  a typical  test  record  is  given  in  Fig.  1.  The  shaded 
area  under  the  load  vs  displacement  curve  is  used  to  calculate  the  "plastic 
energy  per  unit  area".  This  approach  assumes  that  the  maximum  sustained  load 
by  a material  prior  to  failure  is  in  Itself  insufficient  to  characterixe  the 
fracture  toughness  of  a material  which  fails  by  a two-stage  process.  If 
ductile  fracture  in  its  most  general  form  is  a two  stop  process,  the  specimen 
elongation  is  an  important  measure  of  fracture  toughness.  Both  the  nuc lent  ion 


of  miorooraiks  aiul  tlieir  coa  U‘Scoiu-e  by  a shear  l>aml  tormalion  involves  more 
helormation  than  a material  which  fails  before  the  shearing  process  becomes 
fully  developed. 
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1 . NOT  CHE  1)  T K N S I L F.  T E S T S 

rlie  plastic  energy  al)sorbed  per  unit  area,  U'/A,  is  plotted  as  a function 
of  tile  combined  iron  and  silicon  content  in  Fig.  2 and  Fig.  i for  the  longi- 
tudinal and  long-transverse  specimens,  resiH’c t 1 ve 1 y . Each  data  point  is  the 
average  of  Lliree  test  results.  fhe  squares  are  for  the  specimens  heat  treated 
to  tlie  T-651  condition  while  the  triangles  are  used  for  specimens  with  the  IMF 
iieat  treatment.  Open  symbols  connected  by  daslied  lines  are  used  for  the 
chromium-bearing  alloys  while  closed  symbols  are  used  for  the  zirconium-bearing 
allciys  which  are  connected  by  solid  lines.  Although  the  longitudinal  data 
in  Fig.  2 is  plotted  on  a larger  scale  than  the  1 ong-t ransverse  data  in  Fig. 

3,  all  four  curves  show  the  same  trends.  This  is  interpreted  to  mean  that 
the  dominant  mic  romech.an  ism  of  fracture  is  the  same  for  both  the  longitudinal 
and  the  1 ong-t ransverse  directions.  This  interpretation  seems  supported  by 
the  previous  slow  bend  results  on  prei'racked  Charpy  spec  imens . ^ ^ Figure  4 
is  a plot  of  the  total  energy  absorbed  per  unit  area  for  the  precracked 
Charpy  specimens  with  the  crack  propagating  in  the  T-1.  direction  using  the 
same  conventions  as  Figs.  2 and  3.  Once  again,  these  four  curves  show  thi> 
same  trends  as  in  the  notched  tensile  test. 

The  trends  which  should  be  noted  are  the  following.  Kith  increasing 
purity,  the  chromium-bearing  alloys  (dashed  lines)  increase  their  absorbed 
energy.  This  is  not  the  case  for  tiu'  zirconium-bearing  allovs  (solid  lines). 
Beyond  a certain  purity  level,  increasing  purity  doi  s not  increase  hut  actuallv 
decreases  the  fracture  toughness.  The  purity  lovi'l  above  which  t lu'  fracture 
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toiighiiL-ss  Joes  not  I'ont  imu'  to  iiUTea.se  is  a lunrtion  ot  t tie  lieat  treatment 
tor  ttie  z i reon  i nm-hear  i ng  .illoys.  In  a T651  condition  a combined  iron 
and  silicon  contLSit  ot  U-ss  than  0.12  w/o  does  not  improve  the  iracture  tough- 
ness; while  in  the  I'.Ml’  condition,  tliis  value  is  cut  in  half  (0.6  w/o  Ke+Si  ) . 

Above  the  critical  iron  and  silicon  purity  levels,  tiie  zirconium  alloys 

have  a larger  fracture  toughness  than  the  chromium  alloys  of  the  same  heat 

treated  condition.  Below  the  critical  iron  and  silicon  purity  levels,  the 

fracture  toughness  advantage  found  in  the  zirconium  alloys  is  lost.  Finally, 

the  TMF  alloys  gave  the  highest  observed  values  of  absorbed  energy.  Only 

the  highest  purity  cliromi um-bear ing  alloy  (0.03  w/o  Fe+Si)  in  the  T651  gave 

absorbed  energy  values  approaching  that  found  in  the  less  pure  IMP  chromium 
i 

1 and  zirconium  alloys  (0.12  w/o  Fe+Si). 


2.  fracto(;r.-m>hy 

Since  all  four  curves  in  Figs.  2,  3 and  4 displayed  the  same  trends, 
the  f ractogr.iphic  studies  were  limited  to  the  notched  round  transverse  speci- 
mens based  on  the  composition  of  7075  (Fig.  3).  Tliis  subpopulation  was 
chosen  as  these  spec,  i mens  failed  in  a single  mode  of  crack  opening  (Mode  1) 
r.ither  th.in  a dual  mode  found  in  three  point  bending.  In  addition,  the  inter- 
i'  t i on  between  the  constituent  particles  (Fe,  Si)  and  tlie  dispersoid  particles 
(r,  /.r)  should  be  more  obvious  in  f ractures  where  the  constituent  particles 
would  normally  dominate  the  micromechanism  of  failure. 

Figi.re  5 show.s  the  typical  fracture  surfaces  for  the  chromium-bearing 
■illoys  in  the  T65I  condition.  The  absorbed  energy  of  these  specimens  is 


HowfViM",  iIutl'  .ire  Jisi  reLe  palihe.s  ot  the  Iraeture  surface  wliich  .ire  either 
smooth  or  Ii.ivl'  .i  coarse  texture.  The  intermediate  purity  alloy  (fig.  5h) 
has  a sm.iller  .ire.i  fraction  of  regions  containing  the  2-4  ,m  size  particles. 
Ihese  ta'gions  are  rep  1 ai’eil  tiv  i>ither  the  smootli  or  coarse  te.xtured  areas  noted 
in  the  least  pure  alloy.  fhe  most  pure  alloy  (Ktg.  5a)  has  an  inhomogeneous 
distribution  of  regions  containing  the  2-4  ,.m  size  particles.  These  regions 
are  separated  by  areas  ol  the  coarse  texture  with  no  smooth  areas  as  found  in 
the  otlier  two  .illoys.  In  all  three  alloys,  the  coarse  textured  areas  separat- 
ing the  ri’gions  containing  the  2-4  size  particles  are  elongated  parallel 
to  t lie  plate  surface.  In  addition,  lOOO.X  magnification  f ractograplis  of  the 
coarse  textured  areas  show  approximately  1.0  ,.m  sized  ductile  dimples  not 
distinguishable  in  fig.  5. 

figure  h shows  the  typical  fracture  surfaces  for  the  zirconium-bearing 
alloys  in  the  Th51  condition.  The  absorbed  energy  of  these  specimens  is 
represented  by  closed  squares  in  Figs.  2,  3 and  4.  Like  the  chromium-bearing 
alloys  in  Fig.  5,  the  area  fraction  of  regions  containing  the  2-4  ..m  sized 
particles  increases  with  increasing  iron  and  silicon  content.  These  regions 
are  also  elongated  parallel  to  the  plate  surface.  Unlike  the  chromium-bearing 
alloys  in  fig.  5,  there  are  no  coarse  textured  areas  containing  the  finer 
1 ..m  sized  ductile  dimples  at  lOOOX  magnification. 

Figure  7 shows  the  typical  fracture  surfaces  for  the  chromium-bearing 
alloys  in  the  iMP  condition.  The  absorbed  energy  of  these  specimens  is 
represented  by  open  triangles  in  figs.  2,  3 and  4.  Approximately  two-thirds 
of  the  0.12  w/o  fe+Si  alloy's  fracture  surface  (fig.  7h)  is  composed  of 
elongatet!  mncrodimples  ( 20  urn  x 40  urn)  which  are  elongated  parallel  to  the 
plate  surface.  Tluxse  are  formed  from  a number  of  2-4  cm  sized  particles  acting 


in  tniulom.  KnuKlily  llie  rc-ni.i  i n ins  tliiril  of  t hi*  fraituri*  surface  contains  llu- 
previously  mentioned  coarse  textured  areas.  Ihe  liigher  purity  alloy  (Kip,.  7a) 
generally  does  not  show  t lie  macrodimples.  Its  surface  cont.ains  nearly  equal 
areas  of  dimples  initiated  by  the  2-4  pm  sized  particles  and  the  coarse 
te.xtured  areas  which  lOOOX  magni f icat ion  fractographs  show  to  be  approximately 
1.0  urn  diameter  ductile  dimples. 

Figure  8 shows  the  typical  fracture  surfaces  for  the  zirconium-bearing 
alloys  in  tlie  IMl'  condition.  The  absorbed  energy  of  these  specimens  is  repre- 
sented by  closed  triangles  in  Figs.  2,  3 and  4.  hike  the  lower  puritv  chromium 
bearing  alloys,  elongated  macrodimples  ( 20  am  x ‘40  pm)  initiated  by  several 
2-4  m diameter  particles  acting  in  tandem  are  present.  However,  unlike 
the  ctiromium-bear ing  alloys,  the  coarse  textured  areas  are  not  present  in 
either  the  lower  or  higher  purity  alloys  (0.06  w/o  Fe+Si  and  0.16  w/o  Fe+Si 
respectively).  These  areas  are  replaced  by  smooth  textured  areas  previously 
noted  for  the  zirconium-bearing  alloys  given  the  T651  heat  treatment  in  Fig. 

6.  In  addition,  the  elongated  macrodimples  exist  in  the  higher  purity  zirconium 
bearing  alloys  while  the  chromium-bearing  alloys  did  not  show  this  feature. 

1.  A.NAI.Y.SrS  OF  VARIANCE 

In  order  to  systematically  rank  the  relative  importance  of  the  first  order, 
second  order  and  third  order  interactions,  an  analysis  of  variance  was  performed 
Again,  for  the  reasons  outlined  in  paragraph  HI.  2,  the  transverse  W/A  values 
were  used  in  this  analysis.  Table  2 summarizes  the  results  for  this  type  of 
analysis.  The  first  column  lists  the  combinations  by  which  the  three  variables 
ran  influence  the  measured  W/A.  The  next  five  columns  lists  the  degrees  of 
freedom  (df),  the  sums  of  the  squares  (SS)  , the  mean  square  (MS),  the  ratio  of 
the  seven  combinations  each  with  the  error  mean  square  (F),  and  finally  the 
critical  value  (CV).  Ihe  critical  value  was  chosen  to  be  at  the  95%  confidence 
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TA15I.K  2 


ANOVA  TABLE 

FOR  TRANSVERSE 

W/A 

SOURCE  OF  VARIATION 

df 

SS 

MS 

F 

CV* 

T^  (heat  t reatnient ) 

1 

289,537 

289,537 

98.58 

4.08 

Dj  (dispersoid) 

1 

14,853 

14,853 

5.06 

4.08 

T-D 

1 

20,093 

20,093 

6.84 

4.08 

f'p( purity  level) 

4 

541,975 

135,494 

46.  1 3 

2.61 

T-P 

4 

196,502 

49,126 

16.73 

2.61 

D-P 

4 

96,237 

24 ,059 

8.19 

2.61 

P • D • T 

4 

10,963 

2,741 

0.93 

2.61 

'^e(t,d,p) 

40 

117,487 

2,937 

1 

- 

*F  g^(l,40)  or  F g^(4,40)  i.e.  4.08  or  2.61 

The  Yates  Method  of  analysis  used  to  obtain  the  ANOVA  table  is  discussed 
by  Charles  R.  Hicks  in  "Fundamental  Concepts  in  the  Design  of  Kxper iment s" 
(Chicago;  Holt,  Rinehart,  and  Winston,  1965). 
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It  is  rli\ir  t h.U  ttuTi.'  is  :i  large  v.iriation  in  t lie  I'  ratios. 


This 


means,  ol  eoursi.',  lhal  llie  various  eonihinat  ions  ol  heat  treatment  (T)  , dispi-r- 
soivi  tv|U'  (!')  , aiui  puritv  levi-l  (1’)  are  not  all  equally  weighed  in  importanee. 
rile  sour,  L-s  of  variation  are  plotted  on  the  F axis  in  Fig.  4 to  illustrate  the 
relative  importanee  of  the  tested  variables. 

Interest  ingl  y,  tlu‘  heat  treatment  (1),  wliieh  eontrols  the  type  and 
distribution  of  the  small  hardening  particles  (5-500nm)  is  more  important  than 
the  amount  of  constituent  particles  (w/o  Fe+Si)  present  (P) . i'he  interaction 
between  these  two  variables  is  the  third  most  important  variable  controlling 
the  fracture  tougliness.  In  order  to  understand  these  results,  the  response 
surface  for  the  interaction  between  heat  treatment  and  purity  level  is  given 
in  Fig.  10  which  is  Fig.  3 replotted  by  combining  the  open  and  closed  symbols 
for  both  heat  treatments.  The  TMP  heat  treatment  gives  the  highest  values  for 
W/A  once  the  purity  exceeds  the  0.2  w/o  Fe+Si  purity  level. 


SKCTIDN  IV 


nisa'ssioN 

1.  CONSriTUKNl'  I'AKTICl.KS 

Tht.'  IfVfl  ot  purity  above  wliich  si^nifu-ani  increases  in  fracture 
toughness  can  be  achieveJ  is  strongly  dependent  upon  the  dispersuid  and 
iiardening  particles  v^;hicll  control  tlie  process  of  shear  hand  formation 
between  the  voids  which  initially  form.  This  fact  is  dramatically  illus- 
trated in  I’ig.  10  which  compares  the  TMP  processed  alloys  to  tliose  heat 
treated  to  the  T651  temper.  In  both  instances,  tlie  lowest  fracture 
toughness  was  for  the  least  pure  alloys  ( 0.30  w/o  Fe+Si).  To  double 
tlie  toughness  from  this  low  value,  the  purity  had  to  be  increased  Iiy  a factor 
of  two  for  the  TMP  processed  alloys  (0.18  w/o  Fe+Si)  while  a four-fold 
purity  Increase  (0.07  w/o  Fe+Si)  was  required  for  the  alloys  given  tlie 
T651  heat  treatment. 

The  importance  of  heat  treatment  on  fracture  toughness  was  also 
demonstrated  by  the  results  of  DiRusso,  et.  al.^*^^  They  tested  two 
laboratory  produced  7075  alloys:  a commercial  purity  alloy  (0.53  w/o  Fe+Si) 
and  a high  purity  alloy  (0.0066  w/o  Fe+Si).  Each  alloy  was  given  two  dif- 
ferent heat  treatments.  They  named  one  heat  treatment  T-A  which  involves 
a simple  warm  aging  at  120^^0  for  24  hours  (i.e.  T6)  . The  second  heat  treat- 
ment involving  t hermomechan ica 1 processing  was  called  T-AHA.  It  consists  of 
aging  at  105*^C  for  6 hours,  a 207,  reduction  by  warm  rolling  at  175^^0,  and  a 
final  aging  at  120^'c  for  6 hours.  Their  fr.icture  toughness  results  are 
summarized  in  I'able  3.  What  is  most  interesting  is  that  the  T-AllA  lu-at 
tri’ated  high  purity  allov  has  .ipproximalely  the  same  fr.icture  toughness  as 
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I'ABLK  3 

l.ONC-TRANSVKKSK  FR^XCTURR  TOUCUNFSS  PROl’KRT  1 KS 
' OK  l.ABORATt)RY  I’RODKCKl)  7075  ALLOYS^ 


Fracture  Toughness 
Index , R (KS I 1 in) 

7075  Alloy  With 

T-A 

T-AHA 

0.33  w/o  Fe+Si 

40.5 

27.0 

0.0066  w/o  Fe+Si 

57.0 

37.5 

(1)  DiRusso,  E.  , Conserva,  M.,  Catto,  1- . and  Markus,  M.,  Met.  Trans., 
(1973),  1133-1144. 


the  commercial  purity  alloy  having  the  I'-A  heat  treatment.  The  absence 
ot  constituent  particles  in  itself  does  not  guarantee  the  optimum  fracture 
toughness  is  reached  fur  a given  alloy.  The  second  stage  of  sliear  band 
formation  is  the  rate  controlling  process  which  determines  the  alloy's 
fracture  toughness. 

Tills  conclusion  seems  to  be  supported  by  the  results  obtained  by 
Halm  and  Rosenf ie Id . ^ ' ' ’ ' ^ ^ from  continuum  elastic-plastic  anal ys i s , ^ 
the  following  failure  criterion  was  proposed  from  the  metallurgical  point 
of  V i ew : 


IC 


E-D 


-1/6 


(1) 


where  f is  the  volume  fraction  of  cracked  particles  while  their  diameter 
c 

is  D.  As  pointed  out  by  Hahn  and  Rosenfield,  while  equation  (1)  predicts 

the  right  order  of  magnitude  for  with  experimental  observation,  a 

fundamental  contradict  ion  exists  between  the  model  and  the  e.xperimental 

results.  The  model  predicts  for  a constant  modulus  and  volume  fraction  of 

cracked  particles,  the  toughness  will  increase  with  increasing  yield  strength 

(i.e.  K-  " ).  The  experimental  results  given  in  Kig.  11  show  that  as  the 

iL  y 

yield  strength  Increases  from  (0.0057)  E to  (0.0085)  E,  the  fracture  toughness 
decreases  at  a constant  volume  fraction  of  cracked  particles.  They  attribute 
the  loss  of  toughness  to  plastic  instabilities  associated  with  narrow  bands 
of  inhomogeneous  slip  linking  the  macrovoids.  This  shear  band  formation  is 
controlled  by  the  particles  which  we  have  called  hardening  and  dispersoid 
part  ides . 


2.  DISPERSOID  AND  H/\RDENIN(;  PARTICLES 

The  hypothesis  that  the  dispersoid  and  hardening  particles  in  aluminum 
alloys  play  an  equally  important  role  for  determining  a material's  fracture 
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toiigliuess  is  not  now.  hxpor  iniont  a 1 ovidonoo  was  pri-sontod  l>y  Brook. 

His  ido.is  .aro  oonsistont  witli  the  two-stop  prooiass  moclianisni  for  duotilo 
failuro  [irosontod  by  I'liompson  .and  Wo  i lir.uudi  ^ and  tlioroforo  aro  usoful  to 
i-.xpl.iin  tlio  oxporimontal  rosuits.  in  Brook's  study  of  tliirtoon  commercial 
.ilumimim  .alloys,  both  small  dimples  as  well  as  large  voids  were  observed  on 
the  fr.ioturo  surfaces.  The  f racLograph ic  analysis  given  in  Section  III.  2 
m.ikos  the  same  observation.  Thus  the  required  presence  of  a bimodal  distri- 
bution of  dimple  size  on  a fracture  surface  is  fulfilled. 

Brook's  study  of  dimple  profiles  found  that  the  dimples  ranging  in  size 
from  0.2  to  2.0  ..m  were  relatively  shallow  holes.  Thus,  if  shear  band  forma- 
tion would  be  the  second  step  for  ductile  fracture  mechanism,  shallow  dimple 
profiles  are  expected.  While  no  direct  measurements  of  dimple  profiles  were 
made  in  the  present  study,  indirect  evidence  suggests  that  shear  band  forma- 
tion occurred. 

In  the  chromium-bearing  alloys,  the  fractographs  clearly  showed  dimples 
with  these  areas  described  as  "being  coarse  textured"  in  Figs.  6 and  3. 

These  same  coarse  textured  regions  were  absent  in  the  zirconium-bearing 
alloys  in  Figs.  5 and  7.  This  does  not  mean  that  a much  finer  sized  ductile 

dimple  does  not  exist.  Fract ograph ic  evidence  published  by  Santner  and  Fine^^^^ 

% 

recently  demonstrated  that  a featureless  "rock  candy"  appearing  grain  boundary 
fracture  can  indeed  be  a ductile  dimple  failure  at  sufficiently  high  magnifi- 
cation. Their  work  on  a high  purity  binary  AL-3.6  w/o  Cu  alloy  identified  a 
0.2  pm  sphere-like  precipitate  in  the  grain  boundary  responsible  for  this 
failure  mode. 

Profile  shots  of  the  high  purity  (0.02  w/o  Fe+Si)  and  low  purity  (0.31 
w/o  Fe+Si)  specimen,  shown  in  Fig.  12,  also  supports  the  hypothesis  that  the 
zirconium-bearing  alloys  failed  by  shear  band  formation.  It  is  interesting 
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ti>  iioU’  tli.it  in  I'i).'.-  l-‘i.  .ipiifox  i ni.i  t «.■  1 V half  at  tin-  ir.aitnra  surlai-i-  ciofs 

iiat  h.iva  .1  wa  1 I -tli'Vf  I apail  prat  i K as  liasi  r i Ind  bv  Ki-.nlu-i;  .iiul  Yo<!t-r. 

riu‘  .ivi‘tap.1'  If.uturi*  aiu'rpy,  U'/A,  for  this  spiTinu-n  i ■:  .itiaijt  h.i  1 1 at  that 
nuMSurad  tar  tha  hip.har  parity  allay  piatiirad  in  1 i r . 1 ’b  ( .h  Ib/in  vs 
d '<  )b,ii]).  Ibis  .sngjtast.s  that  tha  saaond  staa.a  at  dv.ir  b.ind.  turnuili  a is 
prim.it  i I'i  risiiaas  i b K’  tar  tha  iaari-asa  ia  tha  al  lay's  tr.utiira  tanchaass  ,uul 
is  ra’spaasibU'  I'ar  tha  aoaliaa.ir  portion  ot  tha  1 oaii-da  t K-a  t i on  aiirva 
sahamat  ia.il  Iv  dr.iwa  ia  Fig.  1. 

This  hypothasis  was  farthar  tastad  by  parforming  high  m.agn  i 1 ic.at  ion  1 K.M 
raplia.t  t'r.u-tography  on  the  z i rcon  i ani-bear  iag  allays.  Tha  rasults  at  this 
work  is  samnuirizad  ia  Fig.  13.  I'he  top  row  is  t'or  material  given  for  T651 
heat  tra.itment  while  tha  TMP  processed  mtitarial  is  on  tha  bottom  raw.  The 
first  colama  shows  the  high  parity  material  (.M  = 0.02  w/i'  Fa+Si)  whi’.a  the 
least  pare  m.iterial  (El  0.29  w/o  Fe+Si)  is  in  the  last  column.  In  all 
four  cases  ductile  dimples  were  observed.  For  the  TMI’  materitil  the  lower 
magn i f it  at  ion  permitted  observing  a bimodal  distribution  in  ductile  dimple 
size.  In  particalar  the  .\1-TMP  fractogrnph  shows  0.25  ,.m  diameter  ductile 
dimples.  The  dimples  for  the  Kl-TMP  fractograph  were  approximately  the  same 
size,  only  showing  more  shear  for  this  particalar  are.i.  The  fractographs 
for  the  material  with  Tb51  temper  were  taken  at  a higher  magnification. 

Both  have  dactile  dimples  that  were  approximately  0.50  ..m,  aboat  twice  as 
large  as  that  foand  for  the  corresponding  alloys  processed  by  TMP.  This  TMP 
appears  to  have  prodaced  a larger  namber  of  the  small  second  phase  particle 
sites  than  the  T651  proces.sed  material. 

The  experimental  evidence  saggests  that  microvoid  coalescence  was 
achieved  for  both  the  chromi am-bea r i ng  and  z i rcon i am-be.ir i ng  alamiaam  alloys 
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wilh  a total  iron  aiut  silii-oii  coniont  ol  loss  than  0.11  w/n.  I'ln-  ilironii  urn 
boatiiift  allovs  hah  iKmiIv  visihU-  nv'.ions  in  t ho  shoar  hand  oon  t a 1 n i n,' 
ap  p X i nia  t o 1 V 1 ..ni  vli.inii’tor  dinipli*s,  wh  i 1 o this  was  not  tho  I’asi*  tin  t iu 
z i ri*  on  i uni— hoa  r i n^  alliivs.  'Iho  available'  ovidoiu'o  (ti^s.  Id  aiiel  1 i)  sup.^tosts 
that  a smallor  sizod  p.artiolo  is  rosponsiblo  for  tho  shonr-hand  formation 
in  tho  z i roon  i uni-boa  r ing  alloys.  Moroovor,  tho  faot  th.it  tho  IMl’  alloys 
o u t — po  r f o riiiod  tho  sanio  .alloys  givoii  tho  Ib51  hoat  troatmont  fsoo  Soil  ion 
111.  3)  nogatos  the  hypothosis  tli.it  tho  inclusions  alono  dotormino  an  alloy's 

frai'turo  toughness . As  explained  in  tho  introduction,  tho  'fMP  process  cannot 
substantially  affect  the  size  and  spacing  of  tho  large  constituent  particles. 


SlXM  iON  V 


SUMMARY  AND  CONCl.US  IONS 

A iiuHiilioil  noLc'lied  round  Lcuisilo  lest  which  moasurtul  the  plastic  energy 
per  unit  area,  W/A,  is  used  to  measure  the  relative  fracture  toughness  of 
ten  different  aluminum  alloys  based  on  the  7075  composition.  The  fracture 
toughness  ranking  for  these  alloys  is  the  same  in  the  longitudinal  and  long 
transverse  direct  iims  and  agrees  with  the  ranking  found  in  precracked  Charpy 
tests. fhese  results  suggest  that  the  same  micromechanisms  are  responsible 
for  determining  the  fracture  toughness  of  all  ton  aluminum  alloys  tested 
having  the  composition  of  7075. 

Fractographic  analysis  clearly  indicated  a distinct  difference  in  tiie 
amount  of  large  voids  present  with  different  weight  percents  of  iron  plus 
silicon.  In  addition,  the  smaller  dimples  found  between  the  large  voids 
were  different  for  the  chromium-bearing  and  zirconium-bearing  alloys. 

While  the  chromium-bearing  alloys  had  dimples  on  the  order  of  1.0  m, 
similar  dimples  were  not  visible  in  the  500X  fractographs  of  the  zirconium- 
bearing alloys.  However,  replica  TEM  fractography  showed  0.25  to  0.50  um 
dimples  were  present.  The  size  of  these  dimples  appear  to  be  related  to  the 
heat  treatment. 

The  analysis  of  variance  clearly  demonstrated  that  lieat  treatment  which 
controls  the  size  anti  distribution  of  the  hardening  p.articles  is  the  most 
important  variable  effecting  fracture  toughness.  Tiiis  then  supports  the 
two-stage  hypothesized  mech.anism  of  diu  tile  fracture.  If  the  fracture  tough- 
ness were  controlled  by  the  .imount  of  iron  anti  silicon  present,  then  one 
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nuisl  l uni' 1 luU'  liit'  l.iilurf  is  a oiiu-Ktc‘|)  proci'ss  or  t iio  piiritv  Icvols  are 
not  suf  t ie  ion  t 1 y liiitli  to  insure  that  tlie  seeond  stajte  beeonies  active.  Tlie 
results  of  this  work  su>;y,est  that  at  0.2  w/o  Ke+S  i , the  second  stage  process 
v>f  sliear  hand  forniaLion  becomes  signilicant.  Past  researcli  has  shown  that 
increasing  fracture  tougliness  is  generally  associated  with  a decrease  in 
vicld  strength.  t.enerallv.  Iracturi'  i oughnt'ss  is  increased  by  controlling 
the  amount  of  constituent  particles  present,  ^^^hile  the  yield  strength  is 
controlli'd  bv  the  tvpe  ot  hardening  particles  present.  I'hus,  it  appears 
for  the  first  time  that  the  fracture  toughness  can  be  increased  with  no 
loss  in  vield  strength  if  the  proper  heat  treatment  (which  may  involve 
mechanical  working)  is  ap>plied  to  aluminum  alloys  with  less  than  0.2  w/o 
Ke+S i . Since  the  hardening  particles  not  only  control  the  yield  strength 
but  also  the  work  hardening  rate,  it  makes  sense  that  both  factors  are 
important  if  shear  hand  formation  is  the  rate  controlling  step  for  fracture. 

Two  (luestions  were  raised  in  the  introduction.  First,  at  what  purity 
level  tloes  t hi-  second  step  in  the  ductile  fracture  process  become  the  rate 
controlling  step?  Second,  is  there  a purity  level  beyond  which  further  purity 
improvements  will  not  produce  improved  fracture  toughness?  At  any  purity  level 
below  0.2  w/o  Fe+Si  the  mic ros t rue t ura 1 variables  of  dispersoid  type  (Cr  vs.  Zr) 
and  heat  treatmetit  (IMI’  v^’ . T6S1)  proauce  very  different  fracture  toughness 
values  as  reflectiul  in  the  W/A  measure.  So  0.2  w/o  Fe+Si  is  the  critical 
purity  level.  For  the  Cr-bearing  alloys,  there  is  no  purity  level  beyond  which 
further  purity  improvements  will  produce  improved  fracture  toughness.  However, 
in  ttu>  Zr-bearing  alloys,  it  is  possible  to  have  no  further  increase  in  fracture 
toughness  with  increasing  puritv.  Itie  cause  for  this  dilemma  is  not  presently 


understood . 
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U'/A  vs.  w/o  !'r+Si  I’l'r  NotHuil  Roniui  t mi  i na  1 Spi'cinu-ns 

of  7X75  Aili'vs  witli  Ti-i51  .iinl  TMl’  Ho.it  Tri'at  men  t s . 


RING  ALLOYS  (T651) 
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Fij’uro  3.  Typical  Fracture  Areas  of  ('iironiiun  lk\irinp  AlU>vs  in  the  ifiSl  C-ondition, 

(a)  O.OT  w/o  Fe+Si,  (b)  0.!?  w/<>  Fe-^Si,  (c)  O.U  Fe+Si.  Ma>;n  i t i cat  i on 


ZIRCONIUM-BEARING  ALLOYS  (IMP) 


Figure  8.  rypirni  Fr.ictiire  Areas  of  Zireonium  iiearing  Alloys  in  tlie  'I'M!’  Condition, 
(a)  0.08  w/o  Fe+Si,  (b)  0.18  w/o  Fe+Si.  Magn  i f teat  ion : 500.X. 
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Figure  II.  Hahn  and  Rosenfield  Comparison  of  Expo  r i itumU  a 1 Results  with 
the  R i ci'-.lohnson  Model  for  Ductile  Failure. 
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Figure  12.  Fracture  surface  prefile  of  zirconiuni  bearing  alloys  tested  in 
the  transverse  iirecticn  (ori^^inal  plate  surface  perpendicular 
to  plane  of  photograph),  (a)  0.2?  w/o  Fe-*5i,  (b)  0.C2  v;/o  Fe+Si. 
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ZIRCONIUM-BEARING  ALI.OYS 


(a)  A1-T651 


(b)  i;i-Tb51 


(c)  Al-TMP 


(d)  El-TMP 


7,500X 


7,500X 


Figure  13.  Replica  TEM  Fi ai  tograplis  of  Zirconium-Bearing  Alloys  Showing 
the  Small  Ductile  Dimples  Formed  by  the  Dispersoid  and  Hard- 
ening Particles.  (a)  A1-T651,  (b)  El-Tb51,  (c)  Al-TMP, 

(d)  El-TMP. 
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